In order for a clinical test to be useful, it must be both accurate (reflect the actual concentration of the analyte in question) and precise (be reproducible). Quality control (QC) testing using measurements of QC samples (with known target analyte values) is a key component of the overall quality management process. In the United States, minimum acceptable standards for QC are specified in federal law under the Clinical Laboratory Improvement Amendment and its subsequent revisions.
In order for a clinical test to be useful, it must be both accurate (reflect the actual concentration of the analyte in question) and precise (be reproducible). Quality control (QC) testing using measurements of QC samples (with known target analyte values) is a key component of the overall quality management process. In the United States, minimum acceptable standards for QC are specified in federal law under the Clinical Laboratory Improvement Amendment and its subsequent revisions. 1 These standards are enforced through the laboratory accreditation process by the College of American Pathologists, The Joint Commission, and other organizations. The basic theoretical framework involved in the design of a laboratory QC program has been described in standard textbooks. [2] [3] [4] These sources often emphasize the use of power function curves (which chart the probability of rejection vs the degree of systematic error for different QC rules) to determine the number and frequency of controls, as well as cutoff values. 2 Furthermore, these power curves can also be used to calculate the probability of false negatives (accepting an out-of-control QC as valid) and false positives (rejecting QC that is actually valid), as well as to estimate the number of control measurements required to identify errors of varying magnitude. 2 Some laboratories use a variation of the Westgard Multirule Chart. 5, 6 This chart uses a series of control rules that are employed to interpret QC data to determine if a result is either in or out of control. The rules were designed to be sensitive to both random and systematic errors. 3 Typically, the rules are applied to a Levey-Jennings QC plot with control limits drawn to indicate varying degrees of deviation from the expected QC mean. 6 Given that this statistically robust approach to QC has existed for several decades, one would expect that a consensus evidence-based best practice guideline for quality control in clinical chemistry (CHEM) and immunochemistry (IM) would have been developed during this time. However, to our knowledge, no national pathology/ laboratory professional organization has issued detailed guidance statements regarding QC programs. Logically, one may assume that similar laboratories performing the same tests on comparable types of patients would have similar approaches to QC with minor variations due to differing volumes, instruments, and local practices. We surveyed 21 leading academic medical centers regarding their QC approaches to assess similarities and differences in QC practice across different organizations.
Materials and Methods
A six-question survey about QC practices ❚Table 1❚ was distributed to laboratory directors at 21 large academic medical centers ❚Table 2❚. These centers were chosen for their size and national reputation based on the US News & World Report 2016 to 2017 hospital top 20 honor roll. 7 Because of their separate locations and laboratory management schemas, NewYork-Presbyterian Cornell and Columbia were considered separate, bringing the total to 21 instead of 20. For the purpose of this analysis, the results from individual laboratories were kept anonymous such that the QC program used at individual centers would not be identified. The questions were deliberately phrased in an open-ended fashion to collect as much data possible, with additional communication via email used to elucidate any ambiguities. The responses of the laboratories were tabulated to give a semiquantitative picture of QC practices among the participating hospitals. The instruments used were stratified by vendor company, with QC frequency stratified by number of QC levels and events per day (when "per shift" was used, three shifts/day were assumed, and startup and shutdown were considered independent time points). QC materials were divided into manufacturer (ie, provided by the same vendor that produces the testing platform) and third party (which was further substratified by vendor). QC rules were generally defined as a number of standard deviations (SDs) of difference from the mean acceptable to call a value "in control" (ie, a 2-SD rule means that a QC value is considered "out of control" if it is 2 SD or more from the accepted average). We did not delineate how these SDs were derived (eg, from testing a QC sample multiple times to determine the SD vs manufacturer-designated SD ranges). QC rules were generally in the format of "if test X is out by Y SD, we take action Z." These rules were simplified and streamlined to give short, easily interpretable responses of uniform format (these changes were supplied back to the laboratories to confirm accuracy). Finally, the utilization of moving averages was coded as yes or no, and any narrative comments (eg, utilization for nonclinical purposes, intent on implementation in the near future) were considered separately and mentioned where relevant.
Results
Results were collected from all 21 institutions (100% response rate). Although some responses required additional communication to further clarify answers, eventually all questions were adequately addressed by all institutions.
The instrument manufacturers used by the different institutions for routine CHEM and IM varied ❚Table 3❚. For CHEM, only one institution used instruments from more than one vendor, whereas all other institutions used instruments from one vendor. The overall breakdown included Roche (Basel, Switzerland) (n = 10, 48%), Beckman Coulter (Brea, CA) (n = 6, 29%), Siemens (Berlin, Germany) (n = 4, 19%), and Abbott (Lake Bluff, IL) and Ortho (Raritan, NJ) (n = 1, 5% each) instruments from multiple manufacturers (range, 1-5), including Roche (n = 13, 61.9%), Beckman Coulter (n = 10, 47.6%), Siemens (n = 9, 48.9%), Abbott (n = 7, 33.3%), Ortho (n = 1, 4.7%), and Bio-Rad (Hercules, CA) (n = 1, 4.7%).
There was wide variation in the frequency of running CHEM QC ❚Table 4❚, ranging from daily (n = 3, 14%) to every 2 hours (n = 2, 10%); intermediate intervals included every 4 hours (n = 3, 14%), 6 hours (n = 1, 5%), 8 hours (n = 6, 29%), and 12 hours (n = 6, 29%). Two (10%) institutions used a different QC frequency for electrolytes vs other CHEM tests. The total number of QC "events" per analyte (defined as the total number of times QC was run on an analyzer regardless of the number of levels) in a 24-hour period varied from a minimum of one to a maximum of 12. Three (14%) institutions used only one level per shift or one alternating level on the nonday shift hours (eg, a high control in the morning, a low control in the afternoon, and medium control on the late-night shifts).
There was also variability in the frequency and number of QC for IM and STAT IM (eg, troponin and β-human chorionic gonadotropin [hCG] ). The total number of non-STAT IM QC levels used per day varied between institutions from a minimum of two levels to a maximum of three different levels per day (Table 4) . QC events per 24 hours were less varied than for CHEMs, ranging from one to seven. For STAT IMs, 19 laboratories used two or three levels, with one laboratory using four levels for troponin (which included a QC near the 99% cutoff), another laboratory using five levels for troponin, and four laboratories using alternating levels at different time points. QC events for STAT IM per 24 hours varied from one to 12 per day. As with CHEM, some hospitals used a single control level on select shifts.
For CHEM, many hospitals used QC materials from multiple sources (n = 8, 38%) ❚Table 5❚. However, all respondents predominantly relied on third-party QC materials (n = 21, 100%). Of the third-party reagents, Bio-Rad was the most common (n = 19, 90%), with MAS ChemTrak (Thermo Fisher Scientific, Waltham, MA) less commonly used (n = 2, 10%). For IM, 12 (57%) laboratories used more than one source for control materials. Again, Bio-Rad QC materials were the most commonly used (n = 19, 90%), and two (10%) laboratories favored the use of manufacturer QC materials over third party.
Most hospitals used a QC rule of 2 SD (n = 16, 76%), two (10%) used variable rules (based on the test) between 2 and 3 SD, and one (5%) used a cutoff of 3 SD ❚Table 6❚. Two (10%) hospitals used derivations of the Westgard rules depending on the assay. For IM, 17 (81%) hospitals chose a 2-SD rule, one (5%) chose 3 SD, and three (14%) chose some permutation of the Westgard rules.
When a QC was out of control, all but one hospital elected to repeat the control and accept results if the repeat came back into control (n = 20, 95%), although some had some minor variations (such as rejecting a run outright if a control was out by >4 SD; ❚Table 7❚). One (5%) institution rejected runs if two controls were out 2 SD or if one was out 3 SD. Another institution (5%) repeated QC if one of the two levels was out 2 SD from target value but accepted the run if only one of three QC levels was out. This institution also rejected outright if the following rules were broken: 1-2.5S, 2-2S, 2/3-2S, or R-4S. Only laboratory E made no provisions for repeating control(s); if one level exceeded 3 SD or two controls exceeded 2 SD, the run was rejected as being out of control. Although most of the surveyed hospitals do not currently use moving averages (n = 19, 90%), four (19%) are hoping to implement moving averages in the near future ❚Table 8❚. One (5%) institution runs moving averages in the background but does not use them for clinical metrics. Only one (5%) uses moving averages for clinical use and then only for a small number of assays. One of the institutions that did not use moving averages reported that it had previously implemented them but had not found them to be useful.
Discussion
QC is a critical aspect of laboratory management that laboratory directors take very seriously as it helps ensure we provide accurate results to guide clinical management. This is perhaps related to the high rate of response (100%) from our cohort. In this study, we were able to survey a wide range of highly regarded academic institutions comprising the entirety of the US News & World Report 2016 to 2017 honor roll list. 7 This list consisted of 21 hospitals from 12 states. We selected this cohort as a group of high-performing academic institutions with diverse practice settings and distinct academic histories.
As expected, a variety of different instruments were used in the laboratories surveyed. Although some vendors were seen more frequently among respondents, no single CHEM, chemistry; CKMB, creatine kinase MB isoenzyme; cTn, cardiac troponin; ED, emergency department; hCG, human chorionic gonadotropin; IM, immunochemistry; Lv, level; NT-proBNP, NT-pro B-type natriuretic peptide; QC, quality control; QC Event, one or more QC levels run consecutively at a specified time on an analyzer; qd, per day; q(x)h, every x hours; Tn, troponin.
vendor or platform had complete market dominance. Since QC rules are often related to actual assay performance, it makes sense that different platforms, which will have distinct methods, will perform somewhat differently and may require different QC rules. There were no apparent trends between QC frequency and manufacturer, and variation existed between laboratories using similar instruments. Therefore, it seems unlikely that platform choice alone would affect QC practices to a significant extent. A factor that supports this is that, in most institutions that used instruments from multiple manufacturers, QC rules did not vary notably between the instruments. There was dramatic (ie, 12-fold) variation in QC frequency, ranging from once daily to every 2 hours. This was surprising because, although QC frequency may vary based on the device used, reagent stability, and test volume, the clinical risk associated with result errors should be more or less similar among the cohort, especially for routine CHEM/IM testing. Possible factors include assay method, test volume, economic constraints, and the difficulty of repeating patient samples in the event of QC failure. When QC fails, there is the possibility of needing to repeat all patient samples tested since the previous successful QC. For a high-volume test, potentially repeating all samples from the previous 24 hours would result in a very large number of samples that must be retrieved and retested. In addition, a significant delay before erroneous results are corrected has the potential to affect patient care. These are reasonable concerns, but increased frequency of QC may result in increased QC failures for purely statistical reasons, resulting in unnecessary corrective actions, delayed results, and increased costs. Other QC practices were reported by several laboratories in the survey. At the time of surveying, three laboratories (C, J, and M) performed "alternating-level" QC testing-that is, instead of testing two levels of QC material at t = X hours after daily startup, one level was tested at t = X/2 hours and an alternate level tested at t = X hours. Laboratories C and M performed such "alternating" QC testing for CHEMs, all three for STAT IM (laboratory C did for troponin but not for hCG), and only laboratory J for IMs (in the time since surveying, laboratory J has ceased performing alternating-level QC). In theory, this practice reduces the time to detect an out-of-control situation compared with performing both QC levels at double the time interval. This practice assumes that all out-of-control situations will be detected equally well by testing either QC level, an assumption that may not apply in all analytical circumstances.
Several laboratories reduced the number of QC levels tested after daily startup; for example, if three levels of QC were tested to demonstrate an instrument test was "in control" at time t = 0 hours, subsequent QC testing events might only employ one or two QC levels over the subsequent 24 hours. Four laboratories (G, M, N, and Q) did this for CHEM, five for IM (G, J, M, N, and Q), and six for STAT IM (A, C [troponin only], G [hCG only], J, M, and Q). Two laboratories (A and J) performed QC testing for electrolytes (Na, K, and Cl) at a higher frequency than CHEM, likely due to the high volume of tests.
QC materials were overwhelmingly third party, with only a single laboratory relying predominantly on manufacturer-supplied QC materials (for IM only). Third-party materials have the theoretical advantage of providing a As "A. " J As "A" K As "A, " but if the QC results are acceptable after recalibration, 10 specimens analyzed within the last 24 hours are repeated. If they are within 10% of reported value, the assay is validated. If not, further corrective action is taken. L As "A. " M As "A. " N As "A. " O For analytes with two QC levels and troponin, as "A" but also rejected if 1-2.5S, 2-2S, 2/3-2S, or R-4S rules are violated. We also have a warning with the 7-T rule. For analytes with three QC levels, if control is outside of 2 SD range (1-2S), it is a warning; repeat is not required and run is accepted. If two QC levels are outside of 2 SD range (2-2S), run is rejected, and controls are repeated using new vials/ aliquots of controls. If QC is back into range, the run is accepted. If repeat is out of range, investigate/recalibrate. Reject run also if 1-2.5S, 2-2S, 2/3-2S, or R-4S rule is violated. We also have a warning with the 7-T rule. P As "A. " Q If QC is out 3 SD, then QC failure; repeat once, and if it fails again, take corrective action. R We use several Westgard rules (4-1S, 10x) to further investigate when a 2-SD flag occurs on QC. First step is to repeat QC; if it is in and no Westgard rules have triggered, accept and continue. If out, check QC on other analyzers and rerun at least five patients on a different analyzer. Notify supervisor if recalibration is warranted. S If results are out by 2-2S or 1-3S, the QC is repeated and accepted if it comes in. If it is out, the system is recalibrated and QC is rerun. Any further problems are escalated to the lead in the area for further troubleshooting. T As "A. " U As "A"; if far outside of 2 SD, then may be worked up at coordinator's discretion.
more independent verification of assay function and may have the option of QC material return to the parent company for further analysis if repeated failure occurs with a lot. On the other hand, manufacturer-produced materials have the potential benefit of being specifically designed for the system and test in question such that assay failures can be traced to a single manufacturer source, as opposed to having to query two separate vendors for QC material and machine issues. Despite these theoretical considerations, there has not been a systematic study into which method provides the most reliable approach for the selection of QC materials. Most (n = 16, 76%) respondents used a QC range of 2 SD almost exclusively, and 14% (n = 3) used a combination of between 2 and 3 SD. This is an unexpected finding, as there is no standard Westgard rule for 1-2S, except as a warning. Assuming a normal distribution of values for QC materials on repeat analysis (ie, normal random variation and no systemic bias), a QC will be out of a 2-SD control range approximately 5% of the time compared with only 1% if a cutoff of 3 SD is used. Although a 2-SD QC rule has an increased chance of finding small analytical variations, one would expect lowered specificity, with numerous incidences of QC out-of-range results merely due to chance. In contrast, in laboratories where 3 SD or 2 × 2 SD are used, one would theoretically expect a potential 1% or 0.25% rate of QC out of control based on random error.
Of the 21 hospitals that responded to the survey, only two explicitly used Westgard rule derivations. These rules were introduced in the 1970s by James Westgard and colleagues in an effort to apply a mathematically rigorous approach to systematizing quality control. The Westgard rules are used to evaluate QC data and are designed to capture both increased variation (random error) and bias (systemic error) while minimizing both false negatives and false positives. 8 Minimization of false negatives is especially critical, since these patients may be entirely missed or discharged without proper workup (as opposed to false positives, which may be revelated by further testing).
There are several iterations of the Westgard rules, but the process of flagging and repeating controls out at a 2-SD level is not one of the standard criteria. Assuming normal variation, approximately one in 20 QC results will be out of range, a high level of false positives. However, if run rejection requires two consecutive 2-SD errors, the base possibility of rejection is 0.25%, a lower percentage than that of the 3-SD cutoff. Relying on a QC to be abnormal and then repeat as abnormal requires a high level of systemic bias, and if the issue is increased variability, a repeated QC could very well be normal. Even if there is bias, the requirement for two consecutive QC measurements to be out at 2 SD may miss many low-lying biases that a 10x rule (which flags a run if 10 consecutive QC results are off by 1 SD in the same direction) would detect. In contrast, an increase in assay variability may be detected better by a 1-3S rule, which would flag a run where a single QC value is out by 3 SD. Of course, combining both of these rules would allow for detection of these two very different types of error. In this manner, multirule QC checks have the capacity to detect different errors at a higher sensitivity than a single blanket rule. Although not a large number of studies have validated the practice of repeating QC samples, a study in 2012 suggested that this process can provide performance on par with a 1-3S/2-2S/R-4S multirule, with the tradeoff of slightly increased cost of QC materials (due to increased rate of repetition). 9 However, this study was limited by the use of a simple in silico model (that simulated differing levels of systemic error) and only compared with an abbreviated Westgard multirule.
An additional level of variation that was not captured in this survey is the method of SD derivation. The most common method for calculating SD for QC purposes is to run a control analyte numerous times (usually at least 20 times) and measure the SD of the results. Depending on the laboratory, machine, and analyte, the number of repeats used to calculate the SD may vary. In addition, many controls have manufacturer-recommended standard deviation ranges as part of their package insert. The overwhelming majority of hospitals did not use moving averages (90%), although there was interest in implementing this in 19% of the hospitals. Only one hospital used moving averages as part of its QC practice (the other ran them in the background but did not fully use them), and one hospital had previously used moving averages but discontinued them due to perceived lack of utility. Overall, this is a surprising finding, as moving averages are theoretically useful, as well as inexpensive and simple to implement. The software to track these moving averages is included in commercially available software systems. Moving averages have the potential to detect low-level drifts in the values of measurements that would not ordinarily trigger normal QC flags. [10] [11] [12] [13] One laboratory mentioned that it used performance-driven QC methods, another proposed means of establishing QC goals.
14 This involves using biological variation data to set goals for total allowable error and QC rules. For tests such as alanine aminotransferase, which have a high intraindividual and interindividual variation (24.3% and 41.6%, respectively), 15 the goals for acceptable imprecision could theoretically be relaxed from ±2 SD to ±2.5 or even ±3 SD. This method may result in a reduction in the number of false rejections and maximize the number of true rejects.
Overall, our findings demonstrate a heterogenous but surprisingly similar grouping of QC practices at these academic laboratories. At least 75% of the hospitals used a QC range of 2 SD, and virtually all (90%) used the policy of repeating an out-of-control QC and accepting results if the repeat value comes into control. The method of repeating out-of-control QC at 2 SD has been shown to be effective at improving the performance of QC over simple multirule methods (in this case, 1-3SD, 2 of 3-2SD/R-4) in an in silico model. 9 In comparison to these QC methods developed through mathematical analysis, most of these policies appear to have evolved in a fashion "validated by experience." The 2 SD or similar cutoff with QC repetition was seen commonly in our cohort, demonstrating that it is likely deeply ingrained in clinical pathology.
Limitations of this study include the survey-based method: to ensure maximal compliance, we limited the number of items that we queried. Extremely detailed and granular information for each institution was not always available, so the data set used was not uniform, which creates the possibility of misinterpretation based on the answers. We attempted to minimize this by circulating the manuscript with the participating authors (each author was aware of which anonymized letter corresponded to his or her laboratory). Total quality management of a laboratory includes QC as a basic tenet but also a wide array of next-level practices to ensure test result quality. Future directions for this research include deeper-level inquiry into the heterogeneity of QC programs as well as investigating how these different practices affect result reporting and patient care.
In conclusion, this study demonstrated both similarities and differences among QC practices at academic hospitals. There appears to be no systematic approach to defining QC rules or frequency. The Westgard rules offer a systematic and thoroughly vetted approach for QC to detect errors while minimizing false-positive rates, and additional methods involving rules for QC-level repetition have also been mathematically studied. Interestingly, Westgard rules were used by a small minority of academic center laboratories. Most laboratories prefer home-validated QC rules, which may rely on the director's experience and expertise rather than a rigorously validated statistical approach to designing QC rules. We believe that most academic medical center chemistry laboratories that have similar volumes and patient populations may benefit from a standardized approach to QC for routine chemistry/immunochemistry testing and that can withstand rigorous statistical validation. The survey results suggest an opportunity for laboratory professional organizations to convene a consensus panel to determine a best practice approach (or approaches) to QC in the chemistry laboratory. This would help to ensure quality testing by enhancing error detection and reduce the costs associated with excessive QC and the use of QC rules that create high (false-positive) run rejection rates.
